Introduction
Congenital pseudarthrosis of the tibia can be defined as a specific type of tibial nonunion, either well established or incompletely developed at birth. It is characterised by an osseous dysplasia and a segmental weakness of the bone resulting in an anterolateral angulation of the tibia and a pathological fracture with lack of bone union [52] . The condition has also been named infantile pseudarthrosis which emphasises that the pseudarthrosis is not always present at birth [4, 52] , but the term congenital pseudarthrosis is so established that its continued use is justified [52] .
Aetiology
The condition is uncommon and in the largest series, an incidence is reported ranging from 1 in 140 000 [1, 42] to 1 in 250 000 of children born alive. The left tibia is affected slightly more often than the right and it is very uncommon for both sides to be involved.
The aetiology is still unknown, but the association with neurofibromatosis is recorded in 40% to 90% of cases [11, 26, 48] , although a direct causal relationship has not been demonstrated. The different rates of neurofibromatosis can be explained because its most characteristic signs (café-au-lait spots) sometimes appear late. Thus, although some patients with congenital pseudarthrosis are described as not having neurofibromatosis, those series with a higher mean age have a higher incidence of a positive association.
Whilst neurofibromatosis is transmitted as an autosomal dominant, congenital pseudarthrosis of the tibia commonly appears sporadically, although some hereditary examples have been reported. In a few cases, not related to neurofibromatosis, a primary defect in the embryonic tibial cartilage has been suggested as the cause, because the apex of the bowing and the narrowing of the medullary canal is at the site of primary ossification of the tibia [52] . The time of injury to the embryo has been proposed as the 5th week of intrauterine life [26] .
Only one case has been reported where neurofibromatous tissue has been demonstrated in the area of pseudarthrosis [15] , and several authors have failed to find such tissue by electron microscopy [10, 52] . The appearances are similar to those occurring in traumatic nonunion. Gilbert, however, encountered neurofibroma in 7 out of 20 cases of congenital pseudarthrosis of the tibia and explained this because in his cases a wide excision of the pseudarthrosis had been carried out [23] . Morissy found that most neurofibroma present in the area of the pseudarthrosis are close to the tibia, but are not intraosseous [38] .
The area of pseudarthrosis is usually surrounded by periosteal thickening and a cuff of fibrous tissue which interferes with bone production and the formation of normal callus [52] . An experimental model has been created in rabbits by circumferential constriction of the tibial diaphysis with plastic material [59] , and this has also been carried out in rats [28] . It suggests that an osseous mechanical factor could be implicated in the origin of congenital pseudarthrosis.
Classification
There are 6 classifications of congenital pseudarthrosis of the tibia [38] , and those most commonly used are those described by Boyd [9, 11] and Andersen [2, 52] . Boyd includes the following types:
I -anterior bowing and a tibial defect are found at birth.
II -anterior bowing and a constriction with osseous sclerosis closing the canal are present at birth. This is the most frequent type. It is commonly associated with neurofibromatosis and has a poor prognosis. A fracture usually occurs before the age of 2 years.
III -develops at the site of a cyst. Anterior bowing may precede, or follow the pseudarthrosis. Recurrence is less common.
IV -begins with a stress fracture. There is a sclerotic bony segment without narrowing.
V -coexists with a dysplastic fibula; a tibial, fibular or tibio-fibular pseudarthrosis may occur. When the tibia is involved, the course is similar to type II.
VI -the pseudarthrosis is associated with an intraosseous neurofibroma and is very rare.
Andersen's classification is based on radiographic signs:
I -dysplastic with a narrow tibia and segmental dysplasia, and is associated with neurofibromatosis.
II -cystic with pseudocysts in the lower third of the tibia.
III -sclerotic or delayed with the pseudarthrosis appearing at 5 years of age.
IV -clubfoot type where anterior tibial bowing is associated with a club foot. This type is not accepted by Tachdjian as a true pseudarthrosis [52] .
Boyd's classification is the more valid because it includes clinical examination, radiological signs, pathological findings and prognosis [38] . Andersen's has the advantage of being more simple.
Boyd's type II tends to recur [9] , but recurrences are less frequent with age and are unlikely after skeletal maturity [9, 15, 30, 40, 42, 52] . In contrast, others have reported more recurrences with increasing age, although accepting that recurrence after skeletal maturity is uncommon [5, 15, 39] . This controversy means that treatment must be followed until skeletal maturity [16] .
Tibial pseudarthrosis commonly appears before the age of one year [46, 52] , although cases have been reported in children of 12 years [39, 40, 46] . The largest series of late onset congenital pseudarthrosis of the tibia includes 11 cases in which the tibial fracture and subsequent pseudarthrosis appeared between 1.5 and 12 years [46] . All cases were Boyd type III and IV and none had neurofibromatosis; the outcome was good in all but one patient.
All cases of congenital tibial bowing associated with neurofibromatosis result in pseudarthrosis before the age of 8 years [40, 50] . The most frequent angulation before tibial fracture is anterolateral [42, 52] . When this type of bowing is not related to neurofibromatosis, 89% are at risk of pseudarthrosis [54] ; the remaining 11% are benign with no complications expected. This benign type can be recognised by the early presence of callus and new subperiosteal bone in the concavity of the bowing [54] .
Prognosis
Some prognostic factors have been established:
(1) the type of pseudarthrosis [9, 40, 42, 46 ]; Boyd's type II has the poorest prognosis, together with cases where there is resorption and sclerosis at the bone ends. Type III has a better prognosis.
(2) age of onset; the later the onset of fracture the better the results, especially when it occurs after the age of 8 years [40, 46] .
(3) the time of union; if the fracture is not consolidated by the age of 6 years [6] , the func-tional result will be poor because a limb which is not used for a long time will not develop normally [5, 37, 40, 42, 50, 52] , and will not function normally even when healing has taken place.
(4) a short distal fragment produces technical difficulties [52] .
(5) rapid resorption of the graft which indicates early technical failure [38, 42] .
(6) the experience of the surgical team in Ilizarov's method and vascularised fibular grafting.
The presence or absence of neurofibromatosis does not seem to affect the results [38, 39] .
Shortening of the limb occurs in congenital pseudarthrosis of the tibia, and is due to the tibial bowing and decreased growth in the distal tibial epiphysis [38, 39, 43] . Consequently, the area of pseudarthrosis moves distally as the child grows [39] . This diminished activity of the epiphysis has been demonstrated by isotope studies to be due to decreased blood flow in the growth cartilage. The poor vascularisation is caused by fibrosis around the nonunion which may be aggravated by surgical operations [38] . Free vascular grafts can increase the physeal blood flow and increases growth [43] .
Treatment
Treatment of congenital pseudarthrosis of the tibia remains a challenge and many methods have been attempted with varying results. Since the condition is so uncommon, published series are small and heterogeneous [5, 14, 49, 55] , so it is difficult to compare results and establish indications. Two problems are involved: first, prevention of the fracture; and second, treatment of the established pseudarthrosis.
Half the cases of congenital anterior bowing of the tibia associated with neurofibromatosis will suffer a fracture, which always results in a pseudarthrosis, in the first year of life, a quarter in the second year, and a further quarter before the age of 8 years [50] . Prevention is indicated in these cases, although not for those where the anterolateral bowing is not associated with neurofibromatosis [54] . Those with early callus and subperiosteal new bone are likely to have a good outcome and observation is indicated [54] .
Preventive treatment should delay the onset of congenital pseudarthrosis of the tibia [9, 15, 30, 42, 52] . The lower limb should be protected with a suprapatellar orthosis [35, 52, 57] , although very few publications have shown this to be effective. Rathgeb reported 4 cases of anterolateral bowing and a normal medullary canal with good results [45] , but further studies are needed.
Prevention may also be achieved by bone grafting to bridge the bowed zone, using McFarland's by-pass technique [33, 34, 50] . The graft, which may be autogenic or allogenic, may be taken from a rib, fibula or opposite tibia, and applied across the posterior aspect of the bowed area so as to maintain the mechanical axis of the extremity. Tachdjian recommends a graft from the opposite tibia in 2 stages; the graft is raised from its bed, but left in situ and then it is placed in position 4 to 6 weeks later [52] . When there is a cyst (Boyd type III), curettage and grafting, without breaking the tibia, is advised. Strong has published 9 cases treated by McFarlane's technique with an 8 year follow up [50] ; the pseudarthrosis consolidated in 6, but the deformity and shortening were unchanged. It is difficult to know whether the benefits are due to the bone graft or the orthosis which is worn subsequently for a long time. Pulsating magnetic fields are not recommended for prevention [35, 52] .
Surgical treatment is widely accepted as the treatment for established congenital pseudarthrosis of the tibia [35, 47, 50, 52] , although there is controversy about its timing. The development of the limb improves when the operation is carried out early [35, 50, 52] . The different procedures commonly used are:
(1) Boyd's double bone graft [8] . Two cortical grafts are placed on either side of the pseudarthrosis, fixed in position with screws and the area packed with cancellous bone. Consolidation rates from 31% to 52% are reported [5, 16, 39] . The worst results are related to (a) rapid resorption of the graft, (b) preoperative shortening of more than 6 cm, and (c) Boyd type II pseudarthrosis. The procedure is useful when there is a stress fracture resulting in a pseudarthrosis, but without a bony defect [11] , provided the distal fragment is sufficiently large [35] .
(2) Bone grafting with medullary fixation [12] . This is similar to (1), but the bone is fixed with an intramedullary Steinmann's pin. Satisfactory results have been reported in 54% to 90% cases [3, 5, 21, 41, 42] . The pin must not be removed before skeletal maturity. Baker achieved consolidation in 10 out of 13 cases [5] , Anderson in 9 out of 10 [3] , and Fern obtained union in 5 cases, but one of them sustained a refracture which did not unite [21] . Paterson had no consolidation in any of his 3 cases [42] .
This operation is easy to carry out and allows correction of angular deformity [5] . It can be a valuable alternative to more complicated procedures. The pin may cross the tibial epiphysis and affect its growth [5, 41, 52] , although this is not accepted by all authors [5, 36] , but premature fusion is unlikely provided the pin is perpendicular to the physis and passes through its centre. Residual valgus may occur because the fibula is unable to bear weight, and not because of injury to the physis [3] . Stiffness has been recorded in 4 out of 10 patients as a result of the pin crossing the tibio-talar and subtalar joints [3] , or refractures at the distal end of the pin as it migrates with bone growth [41] . Migration can be avoided by using expandible intramedullary nails [21] , although this failed to occur in one out of 5 patients and the nail bent at the expanding zone in 2. The refracture rate ranged from 7% to 50% [5, 41] .
(3) Ilizarov's technique [27] (Fig. 1) . This is based on the principle of osteogenesis by compression-distraction by means of a circular external fixator. To achieve success with the method, various points have to be considered [41] . First, there are two types of congenital pseudarthrosis of the tibia, rigid and nonrigid, which can be distinguished clinically. Ilizarov believes that the mobility of the pseudarthrosis area indicates the type of tissue present in each case. If the pseudarthrosis is rigid, this tissue is dense, fibrous or fibrocartilaginous, and distraction will promote bone regeneration. In the nonrigid type, distraction will not produce bone in the soft tissues and compression should be used. Second, the contact between the bone ends should be increased as much as possible. When they are thin they should be approximated transversely and compressed, or a bone graft added. The external fixator can be used in 4 ways [22, 42] : (a) compression at the pseudarthrosis; (b) compression + tibial lengthening; (c) compression + bone transport, and (d) excision of the pseudarthrosis with shortening and compression, followed by lengthening.
Good results range from 71% to 100% [22, 27, 41, 42] . Paley reported 100% consolidation rate in 16 cases with a refracture rate of 33% [41] and considered that residual bowing and wire-holes predispose to this complication. In our centre, Garcia-Cimbrelo et al recorded bone healing in 5 out of 7 cases after an average of 6 months [22] . The main advantage of the apparatus is the ability to correct all types of angulation and the limb shortening. Paley reported bone lengthening in 16 cases from 1.5 cm to 8 cm; in 5 patients there was a residual valgus deformity of 5°to 10° [41] . Another advantage is the very high consolidation rate. There are, however, some disadvantages related to the use of an external fixator in children including their poor tolerance, the risk of infection of the wire-track, and the risk of refracture through the wire holes [41] . Paley reported that the latter complication occurred in 5 out of 16 patients with an average follow up of 4 years [41] . In one case the fracture was through a wire-hole, and not through the pseudarthrosis. Refracture is more likely to occur when deformities are not corrected [27] , and it is therefore essential to correct all the angulation [22] . The procedure demands a well trained team and the learning curve is slow [13] . The treatment takes a relatively long time and lasts on average 6 months [22, 41] . Tachdjian considers it the treatment of choice [52] .
(4) Vascularised fibular graft [25] (Fig. 2) . The contralateral fibula is implanted after curettage of the pseudarthrosis, an anastomosis of the fibular vessels being carried out by a microsurgical technique from the donor to the involved side. An iliac bone graft can be used when the defect is less than 7.5 cm [29] . The rate of bone healing is reported as from 81% to 100% [7, 14, 23, 24, 47, 49, 55, 58, 60 ]. Weiland's series of 19 patients had a follow up of 6.3 years with 95% bone healing [58] . The largest series in Spain had a consolidation rate of 87% at an average of 10 weeks in 7 out of 8 cases [24] . The one poor result was due to failure of the vascular anastomosis. In the remaining 7 cases, the fibula doubled in size. Results have been related to the vascularisation of the graft and the stability of fixation [47] .
The advantages of this method are its high consolidation rate and its ability to prevent recurrences. It is indicated when the bone defect is greater than 3 cm, or when other techniques have failed [47] . Lengthening achieved at operation can be an average of 2 cm [44, 47] , later on the limb will grow even more due to excessive blood flow to the growing cartilage [43] . Consolidation occurs at 3 months on average, when weightbearing can be allowed [25, 31] . The operation should be carried out as soon as possible after the age of 2 years to avoid technical difficulties and to allow correct development of the affected limb.
The procedure is, however, complex and can take 8 hours to carry out. In 25% of cases, a fatigue fracture occurs [7, 18, 19, 24, 37, 58] , but this is less that the 45% reported after a nonvascularised graft [20] . In 79% of Weiland's cases some residual valgus was found in the tarsus or at the graft [58] , the latter being due to overgrowth of the distal tibial epiphysis produced by a lateral fibrous fibular band [43, 44] . This should be excised and a distal tibio-fibular synostosis carried out [17, 24, 58] , although not all authors agree [47] .
Some morbidity related to the donor site has been reported and this can be reduced by using the homolateral fibula with 100% success [14, 49, 55] . This can be done in a number of ways: (i) Fibular transposition with a vascular pedicle, but without microvascular anastomosis. The fibular pseudarthrosis, if present, must be at the same level or distal to the tibial one. The fibula is placed parallel to the tibia in the prepared bony bed and fixed with wire cerclage. Healing was achieved in 5 cases [14] .
(ii) Homolateral transposition with preservation of the distal vascular pedicle, vascularisation being obtained through a reversed blood flow. Townsend [53] and Minami [36] have reported excellent results in 4 cases, and Steffens achieved bone healing in 3 cases [49] . (iii) Uchida carried out a homolateral fibular transposition in a similar way as using the contralateral fibula with microvascular anastomosis and reported 4 cases with bone healing [55] a . When the contralateral fibula is used, there is a high incidence of valgus in the normal limb [23, 24, 44] which can be corrected by tibio-fibular synostosis [58] , or by reconstructing the fibula with an iliac graft which is indicated under the age of 6 years [23, 44] . Delayed union at the distal graft site has also been reported [19] ; this can be prevented by stable distal fixation. Such a complication should be treated by a bone graft and intramedullary fixation [19] .
(5) Amputation. The following indications are accepted by most authors: (i) Nonunion after 2 or 3 procedures. (ii) Significant shortening, and McCarthy suggested in 1982 that shortening of over 5 cm was an indication for amputation [32] . Greater shortening can now be accepted because of improved techniques of leg lengthening, but an exact figure cannot be given [5, 42, 52] . (iii) A severe foot deformity. (iv) A nonfunctional extremity.
Most authors agree that the best level is through the ankle, and the heel pad provides excellent support. Further growth can be expected as the distal epiphysis is not injured. Two types of amputation can be used; Syme's [32] , and Boyd's, which gives better anchorage of the heel fat into the calcaneum [5] . Amputation through the pseudarthrosis is not recommended because it is a poor zone for weightbearing and the surrounding skin will be fibrotic after previous operations [32] . A more proximal amputation is only indicated for an infected pseudarthrosis [52] .
(6) Bone electric stimulation. This is mainly used for the treatment of nonunion after standard bone grafts [47, 52] and can be applied in 3 ways [52] : (a) totally penetrating, in which the stimulator is placed beside the bone; (b) nonpenetrating, with the apparatus outside the skin, and (c) hemipenetrating, using percutaneous electrodes. Andrew et al reported 54% healing in 91 cases with a longer follow up than any other in the literature. The poorest results were in atrophic pseudarthrosis (19% consolidation). Refracture occurred in 22 out of 49 patients. The only advantage of the method is that it is not invasive [4] . The disadvantages are the low consolidation rate [3, 4, 5, 51] , the high rate of refracture, the need for prolonged treatment until skeletal maturity, and the technical difficulties in small children [5] .
The most accepted methods of treatment for congenital pseudarthrosis of the tibia are Ilizarov's technique and the vascularised fibular graft. The choice depends on the surgeon's experience and availability. Further comparative studies should be carried out to help in deciding which method should be selected. At present we prefer the latter procedure because the after-treatment takes less time and the remaining bone is healthy. An osteotomy can be carried out through this bone, if necessary later to correct any residual deformity.
